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CALCULATION OF THERMODYNAMIC PEEOPEEX'IES OF POTASSIUM AT TEMPEXiATURES *& 
OF UP TO I3OCfC AND PRESSURES OF UP To 25 kg /a2  

M.P.Vukalovich, V.N.Zubarev, and L.R.Fokin 

A method of calculating the themdynamic properties o f '  the  ' 
superheated and wet vapors of a dissociating i d e a l  gas (& 

Z 2x) i s  fur ther  elaborated. Tables of the  thermodynamic 

properties of potassium vapors a t  up t o  UO@C and - 25 kg/cma 

are presented, permitting ready calculation of der ivat ives  f o r  

the theorg of associating gases, a t  p = const, forming the 

bas i s  f o r  computation of dissociating gases. La-T- 
A t  present, gases subject t o  the  dissociation reaction Xa s 2x a t  elevated 

temperatures are of considerable interest . 
For such gases, considered as an equilibrium mixture of reacting idealmon- 

atomic and diatomic components, we compiled in an expl ic i t  form a Table of 

f i r s t - o r d e r  partial derivatives f o r  t h e  thermodynamic parameters: pressure p, 

temperature T, degree of dissociation cy, as well as f o r  the  unit quant i t ies  

volume v, entropy s, enthalpg i, in t r in s i c  energy u (Table 1).  

The method of constructing Tables of this kind, with derivatives expressed 

i n  a general  form, i s  described elsewhere [for example (BibLl)] .  

t he  partial derivatives t o  t h e i r  e x p l i c i t  form, we used t he  equation of state of 

an i d e a l  dissociating gas (Bibl.2, 3 ) :  

To convert 

9 Numbers in the  margin indicate  pagination i n  the  or ig ina l  foreign text. 
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where 

R = 847.83 kg-m/kmol/?K is the  universal gas constant; 

cy = (1 + A)-'' i s  the  degree of dissociation of t he  reaction 

X2 3 a, the  r a t i o  of the reacted number of moles X2 t o  t he  

or ig ina l  number ; 

& i s  the  equilibrium constant, determined by the conventional method 

(Bibl.3, 4 )  in accordance with the  difference in standard i s o w  

isotherm potent ia ls  of  t h e  components; f o r  a mixture of i dea l  

gases & i s  a function of temperature alone, i n  accordance with the  

equation 

/66 

where 

Af = Dg + 2(l? - g ) ~  - (I? - c)2 i s  the  thermal effect  of the  re- 

act ion per kilomole of XO; 

Dg i s  the  heat of dissociation per mole of XZ f o r  T = O'K; 

Io - 1: i s  the  standard enthalpy per mole of component, computed from 

the state of I g a t  T = O'K; 

The subscripts l a n d  2 refer t o  the components XI and X2, respectively; the 

superscript  0 denotes the  ideal-gas state a t  p = 1 a t m  (phys). 

The derivatives are mre conveniently determined by means of parameters 

other  than molar, since the  molecular weight of the reacting mixture is  a vari- 

ab le  and the  thermodynamic relations usually apply t o  systems with a constant 

mass. 
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TABU 1 

FIRST-ORDER PARTIAL DERIVATIVES OF DISSOCIATING IDEAL GAS 1x2 3 2x1 

_yl 

p 0 const I 
1 

-I 

-I 

-I 

(I + 00- P 

A ( I  + h € ) o  
r 

A.C(h-II)S 

I (I + 0)  

P 

w P conrl auconsi  ' *  
I, = const I r = conmt I P const I P conrl 

ax 
To f ind  the value of (7) in Table 1, the expression in the  row ?ix of 

z 

t he  column z = const must be divided by the  expression in the  row ay. For BX- 

CP 

P T ample, (+) = cp / - = T. 

It should be emphasized t h a t  t he  condition CY = const i s  equivalent t o  the  

condition 1 ~ .  = const since, according to  another paper (Bibl,3), 1 ~ .  = 

a dissociat ing mixture, 

t o  the var iable  p by means of the re la t ion  dp = - 
we stated that a dissociating gas may be regarded as a model of an elemenbry 

IL2 f o r  
l + C Y  

Moreover, it i s  possible t o  convert from the  variable CY 

' dm, Earlier (BiblJ), 
l + o l  
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i d e a l  associating gas. 

calculated derivatives may be of interest t o  the  fur ther  elaboration of the 

theory of associating gases, particularly when P = const. 

I n  the l i g h t  of this reasoning, a complete set of easily 

Certain derivatives in  Table 1 represent the  specif ic  heats e,, and c, of 

the dissociating mixture. 

other derivatives are provided elsewhere [for example (Bibl.2, 4,  511. 

specif ic  heat i n  the  presence of a constant pressure is 

The expressions f o r  specif ic  heat cp and cer ta in  

The 

where (and henceforth) 

The forrnula f o r  c, can be obtained by means of the  re la t ion  

which implies (Table 1) 

J3y means of t h i s  Table it i s  not d i f f i c u l t  t o  derive the formulas f o r  the 

coeff ic ients  of thermal expansion 

b i l i t y  BT and 8,. 

and isothermal and adiabatic compressi- 

Below are presented formulas f o r  a number of thermodynamic var iables  f o r  a 

dissociat ing gas IX, P 2x1 in  the region of superheated and w e t  vapors, as w e l l  

as along the saturation curve. 

The different ia l  Joule-Thornson effect  C Y J - ~  in the  superheated-vapor region 



If the corresponding quant i t ies  p, CY, cp, are referred t o  the  saturation 

curve, the  resul tant  expression may be used t o  calculate the Joule-Thomson ef- 

f e c t  e;"h on the saturation curve f rom the  side of the one-phase region. 

The quantity dph i n  the wet-vapor region (and on the  saturation curve from 
J- t 

the  s ide of the two-phase region) i s  determined from the Clapeyron-Clausius equa- 

tion. 

in the investigated region of parameters. 

Henceforth, it w i l l  be assumed that vt on the  saturation curve with- 

Then, 

where r is the  specific heat of vaporization, calculated by t he  method de- 

scribed elsewhere (Bibl.3). 

t he  saturation curve is  

The formula f o r  the specif ic  heat 4I.t f o r  vapor on 

T >)I kcal/kg/deg 

Equation (3)  can be used f o r  calculating the specif ic  heat c$Oph on t h e  

saturat ion curve from the side of the  one-phase region, 

c i f i c  heat c ? ~ ~ ~  on the saturation curve from the side of tne two-phase region, 

eq.(6) by Sychev (Bibl.6) can be used. 

To determine t h e  spe- 

This equation yields  

where 

5 



In the analysis of flow processes, t he  speed of sound is  an important 

parameter. If sound i s  ident i f ied w i t h  infinitesimal adiabatic perturbations 

propagating through a homogeneous (nonviscous, non-heat-conducting, etc. ) /67 
medium, it can be determined by t h e  known formula 

Assuming that, during the propagation of a sound wave in a dissociat ing 

vapor, thermodynamic equilibrium may set i n  a t  any point and a t  any time ins tan t ,  

the  expression (a) from Table 1 can be used f o r  calculating the so-called 

1~thermodynamic~1 or equilibrium speed of sound in superheated dissociating vapors 

that are saturated from the side of t h e  one-phase region. Then, 

This last fornrula is a part icular  case of the equation derived elsewhere 

(Bibl.5) f o r  calculating the speed of sound i n  a complex dissociating mf~~Lure of 

gases. 

Prac t ica l  calculations of the speed of sound often are based on the complwc 

- - - (a ) , which we will term ltsonic adiabatic exponentt1. It i s  ob- 16 011 P 6 

vious t h a t  

f o r  a dissociat ing gas. 

The flow processes of wet vapors are one of the  most complex f i e l d s  of gas 

and hydrodynamics. O f  special importance here are the  problems of thermodynamic 

equilibrium (supersooling of vapors), homogeneity of the  medium (formation of 

drops, t h e i r  hydrodynamics in a sound wave, t h e i r  surface energy). The diffi- 

6 



cu l t s  of solving the problem is aggravated by the  e f fec t  of specif ic  conditions, 

which sometimes is  decisive and which i s  difficult  t o  take in to  account, namely, 

the formation and removal of l iqu id  films, the irregular moisture content of 

vapor over the  channel cross section, etc. 

Nevertheless, when a n a l p i n g  the flow processes of wet  vapor, the values of 

the speed of sound in  some ideal ised flow may be of interest. To calculate the  

speed of sound in wet  dissociating vapors, we assumed that: 

1) the vapors are a homogeneous (from the hydrodynamic standpoint) re- 

act ing mixture of i dea l  gases (X, e a); 
2) the degree of dryness x i s  suff ic ient ly  high; the volume and compre+ 

s i b i l i t y  of the l i qu id  phase can be neglected here; 

3)  Laplace's equation ( 8 )  is valid in calculating the speed of sound. 

This ma; 

sound in a zc 

Q 
' I - -  meed of 

Novikov (Bibl. 7) under specif ic  assumptions. 

According t o  this method, we have, f o r  w e t  vapor a t  x 4 0, 

&,,,= - - V (2) = 
P *v , 

and the  speed of sound, 
- 

For d i s s o c i a t h g  vapor on the  saturation curve, flat i s  determined from eq.(6); 

- .  . ~ 

I 
in addition, we obtain 
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The re la t ions  derived above were used in calculating the corresponding 

thermodynamic properties of potassium vapors a t  500 - 1 3 0 0 ° C  f o r  which we had 

previously (Bibl.3) calculated, i n  the same range of parameters, the saturation 

pressures, degrees of dissociation, specific volumes, enthalpies, entropies, 

and heats of vaporization. 

as was t h e  va l id i ty  of the basic assumptions. 

garded as an equilibrium mixture of dissociating (Ks t ZK) monatomic and di- 

atomic ideal gases, 

We assumed a heat of dissociation Dg (Kz) = 11,842 + 1,000 kcal/mole. 

ra ted vapor pressure was calculated from t he  conditions of vapor-liquid equi- 

librium on the basis of experimental findings (Bib1,lO) on the enthalpg of 

l iqu id  potassium, which were extrapolated from 800 t o  1 3 0 0 ° C ,  

In addition, the calculation methods were ver i f ied,  

The vapors of potassium were  re- 

The basic source data were taken f r o m  Evans (Bibl,8, 9). 

The satu- 

Table 2 presents the following thermodynamic properties of saturated potas- 

sium vapors: specif ic  heat cr,t, c:OPh, C $ J P ~ ,  and cttph ; di f fe ren t ia l  Joule- 

Thomson ef fec t  CY;:!~ and $:!, sonic adiabatic exponent k:gzh and Qi;f:h, and 

speeds of sound a t t o p h  and a r t t p h  , 

The thermodynamic properties of superheated potassium vapors, calculated 

in this investigation and earlier (BiblJ), are presented i n  Table 3. 

propert ies  are: degree of dissociation CY, specif ic  volume v h m3/kg; enthalpy i 

i n  kcal/kg and entropg s in kcal/kg°K, the  last two being calculated by taking 

the state of the condensed phase a t  t = 0°C and p = 1 a t m  as the  computational 

basis; specific hea ts  

- - - 

These 

and c, in kcal/kg/'; sonic adiabatic exponent bo,, = 

(s)s, and, lastly, speed of sound a in m/sec. 
P 
The number of d i g i t s  in the  Tables correspond t o  t h e  smothness of t he  

functions, which fundamentally equals &l of the last  s ignif icant  figure, 

k i loca lor ies  in this investigation were calculated according to  the  GOST State  

The 



Standard 8550-61. 

= 9.80665 m/sec2. 

The acceleration due t o  gravity was taken as normal: g = 

The results of the  calculations on the superheated-vapor side are repre- 

sented by the  %,+chart (Figel) ,  the  160n,t-chart (Fig.2) and by the  a,s-chart 

(speed of sound - entropy) (Fig.3), where the latter includes the region of wet 

vapor up t o  degree of dryness of x 2 0.6. /68 
An analysis of t he  findings warrants the following statements: 

1. The specific heat cp of dissociating gases i s  largely a function of 

pressure; this is  evident f r o m  eqs.(2) and (3) and Fig.1; moreover, eq.(2) im- 

plies  that the isotherms have maxima, cut off by the saturation curve (Fig.1). 

Owing t o  the heat of dissociation, the t o t a l  cp is considerably higher than the  

so-called tlfrozentt specif ic  heat described by the  first two terms of eq.(2). 

The curve of t he  specific heat c$ on the  saturation line has an unusual 

&Q 

maxinrtllIl f o r  dissociating idea l  potassium vapors. 

(Bibl.3) show that t h i s  maximum e i ther  ge ts  smoothed out o r  disappears under 

real conditions. 

Our earlier calculations 

The t o t a l  e r ro r  i n  calculating cp, due t o  the  inaccuracy of source data 

and par t icu lar ly  due t o  the  e r ro r  i n  determining the heat of dissociation, as 

w e l l  as due t o  neglecting the  real conditions of vapor components a t  2.4 kg/cm” 

and U0OoC, does not exceed 15%. 

The cv,t-chart i n  the region of the studied parameters resembles the  cp,t- 

chart  (Fig. 1) . 
2. Like certain other thermodynamic functions, the speed of sound and the  

tlsonicll adiabat ic  exponent of dissociating gases are largely a function not only 

of temperature but a l so  of pressure. 

f o r  water vapor, if allowance i s  made f o r  the  abovementioned s imi la r i ty  be- 

A similar relationship should occur, e.g. 



Fig.1 Specific Heat cp of Dissociating Potassium 
Vapors Ordinate: kcal/kgf’ 

Fig.2 Sonic Adiabatic Ekponent of Dissociating Potassium Vapors 

uc 



tween the  associating (in the sense of Van Der Waals) and dissociating gases. 

The k,,, d i f f e r s  markedly from the r a t i o  of the specific heats cp/c, [see 

eq,(lO) and Fig.21 and only tends t o  the  lat ter along the  isobars a t  a rise in 

temperature, i.e., when the  degree of dissociation cy 4 1. 

Fig.3 Speed of Sound - Ehtropy Chart f o r  Potassium Vapors 

It should be emphasized that this "sonic" adiabatic exponent k,,, generally 

d i f f e r s  from the exponent k, which i s  determined by the thermal equation of the 

ad iaba t ic  l ine pvk = const, 

In f a c t ,  the  exponent k, just as Lo,, i s  generally a var iable  quantity. 

Following the  logarithmic conversion o f  the adiabatic Line and subsequent dif- 

f e r en t i a t ion  with respect t o  v f o r  s = const, we obtain the connectivity equa- 

15 



t ion 

. Obviously, the mentioned divergence between the  adiabatic exponents (bo,, and k)  

complicates the  calculation of flow processes from the  most elementary form of 

the Bernoulli equation. 

In  t h i s  connection, when calculating the  c r i t i c a l  flow regimes of the dis- 

sociating vapors of potassium, it is expedient t o  determine the  rate of flow ac- 

cording t o  the  corresponding values of the heat drop in the i,s-diagram (Bibl.3) 

and compare them with t h e  speed of sound as given in the t ab le s  o r  in  the  a,s- 

diagram (Fig.3) . 
3. In  w e t  vapor, the  I1sonict1 adiabatic exponent Lo,, i s  re l a t ive ly  [eq.(ll)l 

independent of the degree of dryness and may, in first  approximation, be assumed 

equal t o  on the isobars (or  isotherms). 

It should be emphasized that, by contrast with the speed of sound, the ex- 

ponent k::: i s  not conceptually related t o  the r e s t r i c t ion  on the hydrodynamic 

homogeneity of the medium.  

On the  whole, however, t h e  calculation of the speed of sound in dissoci- 

a t ing  vapors in general, and i n  dissociating w e t  vapors i n  par t icular ,  i s  only 

of an approximate nature considering that the  probleans of thermodynamic equili- 

brium during var ia t ions in parameters and during passage of sound waves require 

fur ther  more detailed investigations. 
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